Trimethylamine-N-oxide (TMAO) is a novel cardiovascular risk marker. We explored the association of commonly used cardiovascular medications with TMAO levels in patients and validated the identified associations in mice.
Introduction
Trimethylamine-N-oxide (TMAO) is a hepatic metabolite of trimethylamine (TMA) generated by the gut microbiome after the ingestion of dietary precursors L-carnitine, phosphatidylcholine, choline or betaine found in products such as red meat and eggs [1] . In some products (e.g. fish), however, TMAO is abundant in its preformed state [2] . Increased levels of TMAO are shown to have proatherosclerotic effects in animal studies and to correlate with all-cause mortality as well as major cardiovascular and cerebrovascular events in clinical observational studies [3] [4] [5] . In a doseresponse meta-analysis of seven clinical studies, the relative risk for all-cause mortality increased by 7.6% per 10 μmol l -1 increment of TMAO [6] .
Mechanisms explaining the association of TMAO with cardiovascular risk include decreased reverse cholesterol transport and increased inflammation, disturbances in mitochondrial energy metabolism [7] , endothelial dysfunction, plaque vulnerability and platelet hyper-reactivity [3, [8] [9] [10] [11] . Although TMAO plasma levels are correlated with several conventional atherosclerotic risk factors such as age, diabetes and impaired renal function, in several studies, TMAO remained an independent risk marker after adjustment for these covariates [4, 5, 12, 13] . Adjusted association, however, did not remain independent in other studies, and it is unclear to what extent these associations are subject to unrecognized confounders.
Numerous drugs commonly used for the treatment and prevention of cardiovascular disorders may have off-target effects on TMAO levels. To the best of our knowledge, meldonium [mildronate; 3-(2,2,2-trimethylhydrazinium) propionate dehydrate], which exerts its cardioprotective action through an L-carnitine-lowering effect, is currently the only drug known to decrease TMAO plasma levels by increasing the urinary excretion of TMAO as shown in healthy volunteers [14, 15] . Effects of other cardiovascular drugs on TMAO levels are unknown. We therefore aimed to analyse the association of commonly used cardiovascular medications with TMAO levels in a cross-sectional study in patients with cardiovascular diseases and to further investigate the identified associations in experimental animal models.
Methods

Patients
Adult patients were included in an observational, crosssectional, single-centre study at the Latvian Center of Cardiology, Pauls Stradins Clinical University Hospital. The study was approved by the local medical ethics committee and conformed with the principles outlined in the Declaration of Helsinki. All consecutive patients were referred to the hospital by their treating physicians due to suspected or previously established coronary artery disease. The human study was purely observational and the assignment of the medical intervention was not at the discretion of the investigator. All patients signed written informed consent to participate in the study. The following inclusion criteria were employed: (i) age 18-80 years; and (ii) invasive coronary angiography performed within the previous 6 months or planned within the following 1 week. Patients were excluded from the study according to the following criteria: (i) insulindependent diabetes mellitus; (ii) use of oral antidiabetic drug within the prior week; (iii) use of carnitine containing supplements or drinks within the prior week; (iv) acute myocardial infarction or stroke within the prior week; (v) extensive surgery within the prior month (interventional cardiac procedures were not an exclusion criterion); (vi) severe comorbidity associated with significant changes in metabolism (such as active malignancy, hepatic insufficiency or hyperthyroidism) as judged by the study investigator; (vii) extensive use of alcohol (more than seven drinks per day); (viii) anaemia with haemoglobin levels <9 g dl -1 ; and (ix) consumption of fish, fish products or omega-3 supplements on the day of blood sampling or on the previous day. Demographic characteristics, medical history, family history, weight, height, waist circumference, smoking status, history of other risk factors and medications used were recorded. Detailed history of drug treatment included name, dose and duration of the all the treatments within the month prior to the study. Patients with unclear history were excluded from respective analysis. Blood samples were obtained by venepuncture from fasting patients. Plasma was immediately separated in EDTA tubes by centrifugation and stored in a freezer at -80°C until further analysis of TMAO levels by ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC/ MS/MS).
Biochemistry analyses included creatinine, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, total cholesterol, triglycerides, alanine aminotransaminase, bilirubin, creatine kinase and glucose levels. [18, 19] . Data and statistical analysis were in adherence to British Journal of Pharmacology guidelines [20] . Mice were acclimatized to the local conditions for two weeks before the start of treatment. For each experiment, CD1 mice were divided into two or three groups (six mice per group).
Effects of loop diuretics on TMAO excretion
To evaluate the acute effects of loop diuretics, TMAO (dehydrate; Alfa Aesar, Karlsruhe, Germany) was injected intraperitoneally (i.p.) at the dose of 100 and 10 mg kg , and samples of plasma were collected at baseline (before injection) and after 30, 60, 90, 12 and 240 min of injection. TMAO and saline was i.p. injected into the control group. The inhibitor of organic anion transporters, probenecid (TCI Chemicals, Tokyo, Japan), at a dose of 200 mg kg -1 and furosemide (10 mg kg , i.p.) to clarify the possible mechanism of action of furosemide-induced effects. Probenecid was dissolved in 8.6% NaHCO 3 -containing saline solution and passed through a sterile membrane filter (Filtropur S, 0.2 μm; Sarstedt, Nümbrecht, Germany).
Urine samples were collected after the administration of TMAO (10 mg 
Determination of TMAO levels by UPLC/MS/ MS analysis
The chromatographic separation was performed using an ACQUITY UPLC system (Waters, USA) on an ACQUITY UPLC BEH HILIC column (2.1 × 50 mm, 1.7 μm, Waters) with a gradient elution from 75 to 55% acetonitrile in 10 mmol l -1 aqueous ammonium acetate (pH 4) at a flow rate of 0.25 ml min -1 . The analyte was ionized by electrospray ionization in positive ion mode on a Quattro Micro triplequadrupole mass spectrometer (Water). The mass spectrometer was set up as follows: capillary voltage of 0.3 kV; source and desolvation temperatures of 120 and 350°C, respectively; and desolvation gas (nitrogen) flow of 500 l h -1 . Cone voltage was 22 V, and collision energy was 14 eV. TMAO analysis was performed in the MRM mode. Precursor to product ion transition was m/z 75.9 → 58.7. Data acquisition and processing were performed using the MassLynx V4.1 and QuanLynx V4.1 software (Waters). The plasma extracts were kept at 10°C in the autosampler. The calibrators were run in triplicate, and the samples in duplicate. Data analysts were blinded to the information about received treatments.
Materials
TMAO dihydrate was obtained from Alfa Aesar. Furosemide was from Sopharma Pharmaceuticals, torasemide was from A. Menarini Manufacturing Logistics and Services. Probenecid was from TCI Chemicals. Acetonitrile, methanol, ammonium acetate and sodium bicarbonate (NaHCO 3 ) were purchased from Sigma-Aldrich (St Louis, MO, USA). Filtropur S (0.2 μm) membrane filters were supplied by Sarstedt.
Data analysis
For human data, TMAO levels were expressed as median and interquartile range (IQR) due to non-normal distribution. TMAO values were normalized with decimal logarithm (log-TMAO) to generate a Gaussian-distributed data set amenable to parametric analysis. Log-TMAO and other quantitative variables were described as the mean ± standard deviation (SD). Categorical and ordinal variables were expressed as numbers (n) and percentages. Log-TMAO levels in users and nonusers of a cardiovascular drugs were compared with t test for independent samples for two groups and with one-way ANOVA for more than two groups. In posthoc analysis, subgroup comparisons were performed with the Tukey's test. A two-way ANOVA was performed to analyse effect of two categorical independent variables on log-TMAO. Adjustment for covariates was performed with backward multiple linear regression analysis.
For animal data, TMAO levels were expressed as the mean ± standard error of mean. Statistically significant differences in the mean values were tested by unpaired t test or oneway ANOVA with Dunnett's multiple comparison post-test.
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology. [20] All results were considered significant when P < 0.05. The data were analysed using GraphPad Prism 3.0 statistical software (GraphPad Inc., USA) for animal data and IBM SPSS Statistics software (version 22) for human data.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [22] , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 [23] [24] [25] .
Results
General characteristics of the patient group
Patient characteristics are summarized in Table 1 . Three hundred patients were included in the study, and the mean age was 62.8 ± 9.3 years in men and 68.2 ± 8.3 in women. All patients were without history of diabetes. One patient had GFR category G4 of CKD. No patient had GFR category G5 or class 4 chronic heart failure (according to the New York Heart Association Functional Classification). Median (interquartile range) TMAO levels were 2.144 (1.570-3.104) μmol l -1 . Mean ± SD logarithmically transformed TMAO (log-TMAO) was 0.347 ± 0.277. A majority of patients (n = 266, 88.7%) had signs of coronary atherosclerosis or previous stent on angiography. More detailed history of cardiovascular disease is provided in Table 2 .
Association of diuretic use with higher TMAO levels in patients TMAO levels were compared between users and nonusers of the major cardiovascular drug groups (Table 3 ). Users of diuretics or mineralocorticoid receptor (NR3C2) antagonists (MRA) had significantly higher TMAO levels than did nonusers of these drugs (P = 0.005 and P = 0.007, respectively). Loop diuretics, but not thiazides, were associated with high TMAO levels (P = 0.008 and P = 0.216, respectively), and MRA showed additive effect with loop diuretics (P = 0.024 for ANOVA among the four groups, Figure 1A ). There was no significant difference of TMAO levels between two thiazides -hydrochlorothiazide (n = 22) and indapamide (n = 44; log-TMAO 0.355 ± 0.245 and 0.399 ± 0.322, respectively, P = 0.575). Among loop diuretic users, most were on torasemide (n = 15), and only four patients were on furosemide, and the difference in TMAO levels was not statistically significant between the two groups (log-TMAO 0.530 ± 0.313 and 0.434 ± 0.240, respectively, P = 0.576). All MRA users were on spironolactone, and none was on eplerenone. Other cardiovascular medications such as statins, angiotensinconverting enzyme (ACE) inhibitors, angiotensin II type-2 receptor (AT 2 receptor) blockers, β-blockers, dihydropyridines and P2Y12 platelet ADP receptor (P2Y 12 receptor) inhibitors were not significantly associated with TMAO levels in this cohort. The use of meldonium, a drug known to lower TMAO levels, [14] was reported by nine patients, and the majority (n = 8) were using it irregularly. When blood samples were tested for meldonium levels, it was detectable in 43 samples. Neither self-reported use of meldonium nor the presence of Loop diuretics increase trimethylamine-N-oxide the drug in the blood was significantly associated with log-TMAO (P = 0.685 and P = 0.678, respectively) in this cohort; therefore, meldonium use was not considered a significant covariate in this study. Moreover, the association of loop diuretics and MRA with lower log-TMAO values remained significant (P = 0.007 and P = 0.003, respectively) when statistical analysis was confined to meldonium-naive patients (n = 252).
To adjust for other potential covariates, we performed a backward multiple linear regression analysis with the following independent variables entered in the model: age, sex, eGFR creat , body mass index, loop diuretic and MRA. In the final model, only the following variables remained significantly correlated with log-TMAO: eGFR creat (β = -0.283, P < 0.001) and loop diuretics (β = 0.110, P = 0.049). Users of loop-diuretics had lower eGFR creat 0.326 + 0.257, respectively, P < 0.001). A two-way ANOVA was conducted that examined the effect of loop diuretics and eGFR creat < 60 ml min -1 1.73-m -2 on log-TMAO.
Both variables were independently associated with higher log-TMAO (P = 0.028 and P = 0.002 for loop diuretics and eGFR creat < 60 ml min -1 1.73-m -2 , respectively; P = 0.001 for ANOVA among the four groups, Figure 1B ).
Effects of acute administration of loop diuretics on the plasma concentration of TMAO in mice
Studies in mice were performed to further explore the findings from observational data in patients. The concentrations of TMAO in blood plasma after the administration of 10 and 100 mg kg Table 3 Trimethylamine-N-oxide levels in users and nonusers of various cardiovascular drugs The levels of TMAO in blood peaked at 15-30 min after TMAO administration and then decreased to the initial concentrations within 4 h. As shown in Figures 2 and 3 , after the acute administration of furosemide, TMAO concentrations in plasma at 30, 60 and 120 min on average were significantly higher by 2-fold than those in the control group, and the total increase in an area under the curve (AUC) was 1.8-fold (Figures 2 and 3) . Additionally, the acute administration of torasemide significantly increased the TMAO plasma concentrations at 60 and 120 min by 3-fold and the AUC by 78% (Figures 2A,B) . To clarify whether the increased plasma TMAO concentrations induced by the acute administration of loop diuretics are related to their effects on TMAO transport proteins, organic anion transporter 1 / SLC22A6 (OAT1) and organic anion transporter 3 / SLC22A8 (OAT3), and the influence of the inhibitor of OATs, probenecid, were examined in parallel to furosemide on the plasma pharmacokinetic profile of TMAO. In contrast to those after furosemide administration, the concentrations of TMAO in blood plasma after probenecid administration were not different from that of the control group (Figure 3) .
In another experiment, we measured the TMAO concentration in plasma and TMAO content in kidney, heart and liver tissues after the acute administration of furosemide with TMAO. The concentrations of TMAO in plasma 1 h after the administration of furosemide were increased by 2-fold ( Figure 4A ). In comparison, administration of TMAO increased TMAO content in kidney, heart and liver tissues up to 57 ± 5, 10 ± 0.4 and 8 ± 0.5 nmol g -1 , respectively. Compared to the control levels, the contents of TMAO in kidney, heart and liver tissues after the acute administration of TMAO were increased by 15-, 20-and 5-fold, respectively. Furosemide administration induced an even higher increase in TMAO content in kidney, heart and liver tissues by 2.4-, 1.4-and 1.6-fold, respectively, in comparison to TMAO control administration ( Figures 4B,C) . This effect might be related to increased plasma concentration and decreased TMAO efflux from cells.
To evaluate whether TMAO levels in blood was increased because of changed urinary excretion rate, we measured TMAO concentrations in urine after its coadministration with furosemide. The average urine concentration of TMAO at baseline was 0.6 μmol ml -1 . TMAO administration after 30 min induced a rapid increase in its urine concentration up to 19.4 ± 4.0 μmol ml -1 ( Figure 5A ). TMAO concentrations in urine were significantly decreased by 8-and 4-fold during the first 30 min and 90-120 min, respectively, after acute furosemide administration relative to those in the TMAO control group ( Figure 5A ). The acute administration of furosemide during a 2 h period increased urine volume by 4-fold (on average from 509 ± 109 to 2078 ± 123 mg/120 min), while it significantly decreased the TMAO concentration by up to 8-fold; thus, the calculated TMAO excretion rate was decreased by 1.9-fold during the first 30 min after administration ( Figure 5B ). No significant differences in TMAO urinary excretion rate were observed at later time intervals for 2 h compared to the rate in the control group ( Figure 5B ). To determine whether the observed functional effects of loop diuretics on TMAO pharmacokinetic profile are due to the long-term effects of the diuretics on the functional or expressional changes of TMAO transport proteins, we studied TMAO pharmacokinetics on days 7 and 21. To avoid the presence of diuretics, TMAO was administered 24 h after the last administration of furosemide and torasemide. The plasma concentration of TMAO after 21 days of furosemide and torasemide administration was 1 ± 0.1 and 1.2 ± 0.1 μmol l -1 , respectively, and it was not significantly different from that in the control group (1 ± 0.1 μmol l -1 ).
The plasma pharmacokinetic profile of TMAO was not different between groups when furosemide and torasemide
Figure 3
The effects of acute administration of furosemide and probenecid after concomitant trimethylamine-N-oxide (TMAO) administration on the plasma concentration of TMAO in mice. TMAO concentrations were determined in plasma samples up to 4 h after TMAO (10 mg kg 
Figure 4
The effects of acute administration of furosemide after concomitant trimethylamine-N-oxide (TMAO) administration on the plasma and tissue concentration of TMAO in mice. TMAO concentrations were determined in plasma (A) and in kidney, heart and liver tissues (B) 60 min after TMAO (10 mg kg -1 ) administration with furosemide (50 mg kg -1 ) in CD1 mice. Values are represented as the mean ± standard error of the mean of 6 animals. *Significantly different from the control group (Unpaired t test, P < 0.05)
were administered subcutaneously for 7 ( Figure 6A ) and 21 days ( Figure 6B ). Furthermore, peroral administration of furosemide at a dose of 10 mg kg -1 in mice did not significantly increase TMAO concentration in plasma for up to 21 days (the average plasma concentration was 1 ± 0.1 μmol l -1 ; data not shown).
Discussion
Our findings suggest an association of loop diuretic use with increased TMAO plasma concentrations in patients with cardiovascular diseases. Moreover, we found that the acute concomitant administration of either furosemide or torasemide with TMAO increased plasma TMAO levels in mice by decreasing the elimination rate of TMAO. In our cross-sectional observational study, loop diuretics showed strong and independent association with increased TMAO levels in patients with cardiovascular diseases. Only MRAs and none of the other eight commonly used cardiovascular agents were significantly associated with higher TMAO levels, and its effect was additive to loop diuretics. No such effect was seen with other diuretics, namely, hydrochlorothiazide or indapamide. Diuretics are known to have several unfavourable effects on metabolism such as impaired glucose intolerance and dyslipidaemia; and it has been shown that higher TMAO levels in patients with heart failure are associated with diuretic use; however, to the best of our knowledge, this is the first study to demonstrate that loop diuretics increase TMAO plasma levels [26, 27] . Clinical implications of this association remain to be determined, but a potential risk of atherogenicity may be implied, although no effect of loop diuretics on atherogenesis has been previously established. In a study by Schartum-Hansen et al. [28] , the use of loop diuretics in patients with suspected coronary artery disease, but without systolic heart failure or renal impairment, was associated with increased risk of all-cause mortality during a Figure 5 The effects of acute administration of furosemide after concomitant trimethylamine-N-oxide (TMAO) administration on the urinary excretion of TMAO in mice. TMAO concentrations were determined in urine (A), and excretion rate of TMAO in urine was calculated (B) at every 30 min interval until 2 h after TMAO (10 mg kg -1 ) administration with furosemide (50 mg kg -1 ) in CD1 mice. Values are represented as the mean ± standard error of the mean of 3-6 animals. *Significantly different from the control group (unpaired t test, P < 0.05)
Figure 6
The effects of long-term administration of loop diuretics after acute trimethylamine-N-oxide (TMAO administration on the plasma concentration of TMAO in mice. After 7 (A) and 21 days (B) of furosemide (20 mg kg -1 ) or torasemide (10 mg kg -1 ) administration, TMAO concentrations were determined in blood plasma samples up to 4 h after a single dose of TMAO (100 and 10 mg kg -1 ) administration in CD1 mice. Values are represented as the mean ± standard error of the mean of 6 animals 10-year follow-up. Potential unmeasured confounders and other unfavourable effects of loop diuretics such as hypokalaemia, hyponatraemia and hypovolaemia, however, could not be excluded in this observational study and were not explained by atherosclerotic cardiovascular events [28] . Using animal models, we showed that the acute coadministration of TMAO and furosemide or torasemide increased plasma TMAO levels, and this effect was observed as early as within 30 min of administration for furosemide, and it persisted for at least 2 h. Since acute increase in TMAO concentrations was observed after parenteral administration, the effect on TMA production by microbiota in the intestinal compartment was excluded. In addition, chronic peroral administration of furosemide or torasemide for 7 or 21 days did not affect TMAO levels in the absence of drug administration within the prior 24 h, implying that the functional or expressional changes of kidney transport proteins are less likely to play a role. The shift in TMAO plasma pharmacokinetic profile after acute administration suggests a direct interaction of TMAO and loop diuretics on TMAO transporters. Indeed, the acute administration of furosemide decreased the TMAO excretion rate in urine with a fast onset of action. Moreover, furosemide increased TMAO concentrations in renal tissues to a greater extent than in plasma, heart and liver tissues, confirming the involvement of efflux transporters.
Furosemide is known as an inhibitor of OAT1 and OAT3 [29] , and a recent study reported elevated plasma levels of TMAO in OAT3 knockout mice [30] . In our study, we assessed the effect of OAT1/3 inhibitor probenecid, and the lack of its effect on the plasma pharmacokinetic profile of TMAO excluded OATs as a potential mechanism of action. Similarly, urate anion exchanger 1 / SLC22A12 (URAT1), which is common for furosemide and probenecid, is not a transporter for TMAO [31] . Recently, multiple transporters involved in TMAO kinetics were elucidated [30, 32, 33] . These studies did not confirm OAT-mediated TMAO transport but showed organic cation transporter 2 / SLC22A2 (OCT2) to be involved in the cellular uptake of TMAO. Currently, there is no evidence on the influence of furosemide or torasemide on OCT1 and OCT2 [31] . In a recent study, it was shown that TMAO is a substrate for multiple efflux transporters MDR1 (ABCB1), ABCP (ABCG2), MRP2 (ABCC2), MRP4 (ABCC4), organic solute transporter subunit α / SLC51A1 (OSTα) and OST subunit β / SLC51B (OSTβ) [33] , which might also be affected by furosemide. The exact mechanisms by which TMAO levels are increased by loop diuretics remain to be determined, and, although the effect could be multifactorial, our data support the role of renal efflux mechanisms.
The importance of renal function in TMAO metabolism has been demonstrated in several studies. Serum TMAO concentrations are inversely correlated with glomerular filtration rate, are markedly increased in patients with end-stage renal disease and are substantially decreased after renal transplantation [13, 34] . Although eGFR creat was a strong confounder in the present study, the association of TMAO level with loop diuretic use in patients remained significant after the adjustment for eGFR creat . Meldonium, a drug previously shown to decrease plasma TMAO concentrations, exhibits its effect via renal mechanisms by enhancing urinary excretion [14] . Recently, enalapril was reported to decrease plasma TMAO levels in Wistar rats, with a trend of increasing urinary TMAO excretion without change in gut microflora [35] . In our study, the use of ACE inhibitors was not significantly associated with TMAO levels in humans, but in absolute terms, the TMAO levels tended to be higher in ACE inhibitor users. Such discrepancy could be explained by the following: use of ACE inhibitors other than enalapril in our sample (perindopril or ramipril among more than 90% of ACE inhibitor users), different effects of the drug class in humans and rats, or the play of chance.
One major advantage of our study was that the same association was seen in human and animal data. The patient selection criteria and preconditions of plasma sampling were specifically determined to evaluate TMAO levels and to minimize several important biases such as consumption of fish, fish products, and carnitine-and choline-containing supplements. Detailed history on cardiovascular drug therapy enabled us to identify specific drug subgroups associated with increased TMAO levels, namely, loop diuretics, but not thiazides.
Some caveats of the study include the retrospective nature of patient data on the use of cardiovascular drugs that may have led to recall and selection biases. Such biases are, however, less likely regarding the effect of loop diuretics, as their effects on TMAO were confirmed in the animal study. Longterm peroral administration of furosemide in animals did not significantly increase TMAO concentrations, which excluded a potential effect of diuretics on TMA production by microbiome; nevertheless, the acute administration of loop diuretics increased TMAO plasma levels irrespective of their effect on the gut microflora.
Conclusions
Loop diuretics increased plasma TMAO concentrations by decreasing urinary excretion rate, and this effect is not mediated by organic anion transporters. Further clinical studies should evaluate potential TMAO-mediated detrimental cardiovascular effects of loop diuretics. Loop diuretic use should be considered a potential confounder in TMAO studies. 
